The rate of organic carbon (OC) burial in inland waters is an important flux in the global C-cycle. Here we provide methodological improvements that offer a rapid and accurate assessment of modern OC burial rates in lakes from a single surface-sediment sample. Using a 93 lake dataset of reliably dated sediment cores (OC burial of 9 to 318 g m -2 y -1 ), we demonstrate the applicability of this approach in a variety of lake types. We validate our estimated rates of OC burial against (1) measured whole-lake accumulation from the sum of multiple area-weighted sediment cores, (2) single central-basin cores adjusted for sediment focusing, and (3) duplicate sediment cores taken in multiple locations and at different times (4-10 years apart) in 9 lakes. Our single-sample estimates, which were in good agreement with measured values, suggest a within-lake variability of 4 g m -2 y -1 and have a small inter-lake error of only 6.5%. The applicability of this approach to other lakes and regions requires knowledge of (1) Pb activity, and (3) some understanding of typical sedimentation rates in the study lakes. This approach provides an accurate assessment of OC burial, with increased potential for greater spatial coverage in inland waters and improved ability to address questions focused on terrestrial-aquatic exchanges of organic carbon. 
Roughly 10% of the carbon that enters inland aquatic ecosystems from the land is permanently buried (Cole et al. 2007 ), which yields rates of organic carbon (OC) sequestration comparable with or even higher than in marine sediments and terrestrial soils (Gudasz et al. 2010) . The spatial extent, rates, and efficiencies at which inland waters bury OC are therefore relevant to the discussion of the global C-cycle. Indeed, there has been considerable attention paid to estimating long-term rates of OC burial and storage in lakes (Dean and Gorham 1998; Einsele et al. 2001; Cole et al. 2007; Downing et al. 2008; Sobek et al. 2009; Anderson et al. 2009; Heathcote and Downing 2012; Mackay et al. 2012) . However, considerable spatial heterogeneity exists among lakes and geographic regions, and improvements that refine the rate and magnitude of OC burial across lake types and regions are needed.
Previous estimates of OC burial in aquatic ecosystems have generally relied upon 210 Pb-dated lake-sediment cores (e.g., Sobek et al. 2009 and Heathcote and Downing 2012) . As a result, the characterization of OC burial in inland waters is limited by the number of lake cores that are reliably dated, constraining large spatial surveys of lakes. In addition to the effort and cost required to date individual sediment cores, accurately assessing the lake-wide rate of OC burial is limited by sediment focusing-the spatial redistribution of finegrained sediments by wave and current action. Focusing contributes a great deal of spatial heterogeneity to the accumulation of geochemical constituents across the depositional basin (Likens and Davis 1975; Lehman 1975; Blais and Kalff 1995; Mackay et al. 2012) . As a result, proper estimation of wholelake sedimentation rates generally requires multiple sediment cores covering the entire depositional basin (Swain et al. 1992; Rippey et al. 2008; Engstrom and Rose 2013) (Omernik 1987) . From south to north, the lakes are in the Western Corn Belt Plains (WCBP), Northern Glaciated Plains (NGP), North Central Hardwood Forest (NCHF), and Northern Lakes and Forests (NLF). The WCBP and NGP are cultivated, heavily agricultural landscapes with NGP having marginally more pasture. The NCHF is a transitional landscape with cultivated, pasture, urban, and forested regions, whereas NLF is overwhelmingly forested with coniferous and deciduous vegetation. The region's many glacial lakes follow a gradient of nutrient enrichment from north to south, because of differences in land use, vegetation, soil conditions, and lake size (Heiskary and Wilson 2008) . In general, lakes in the south (WCBP and NGP) are shallower and eutrophic to hypereutrophic, whereas lakes in NLF are deep and oligotrophic to mesotrophic. In our study, maximum lake depths ranged from 0.65 m to 51.2 m, and lake surface-areas range from 0.02 km 2 to 234 km 2 . Two additional lakes, Dunnigan and Kjostad, were cored at multiple locations (12 and 14 sites, respectively) as part of an earlier study of atmospheric mercury deposition to northern Minnesota (Swain et al. 1992; Engstrom et al. 1994) . The latter two lakes were chosen for analysis of carbon burial based on their contrasting morphometry and size (Fig. 1) . Given the range of lakes used in validating this method, we feel it is broadly applicable to many temperate lake types and sizes.
Sediment core collection
This method relies on the retrieval of undisturbed lake sediment cores with an intact sediment-water interface. In our validation of the method, we use a piston-type corer (Wright 1991 ) with a 2.75-cm polycarbonate core barrel operated from the lake surface by Mg-alloy drive rods. Cores were sectioned vertically in the field at 0.5 or 1 cm increments for the uppermost sediments (and more coarsely at depth), and stored in polypropylene jars for subsequent analysis of water and organic content and 210 Pb dating.
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Gravity coring methods (Glew et al. 2001; Renberg and Hansson 2008) would be equally suitable for retrieval of short cores with an intact sediment-water interface, and operationally superior to piston coring if only surface sediments are needed. If the study goal is solely to quantify recent OC burial, an integrated surface interval representing ~10 years can be homogenized in the field (see methods below). However, we recommend subsampling at 0.5-1.0 cm, in the eventuality that greater temporal resolution or further analysis may be warranted in the future.
Organic carbon
The organic fraction of the lake sediments (%OM) was quantified through combustion at 550°C (Heiri et al. 2001) and the percent OC calculated using the equation, %OC = %OM • (12/30) from Rosén et al. (2010) . Sediment organic carbon can also be measured directly with a dedicated carbon analyzer, which avoids interferences from other hydrated sedimentary materials (e.g., clays) and is more accurate.
Lead-210 dating
This method, for use on surface sediments, was developed using fully detailed chronologies from 93 sediment cores, established by conventional Po. Samples were pretreated with concentrated HCl and the Po isotopes distilled at high temperature (500°C) and plated directly onto silver planchets (Eakins and Morrison 1978) . Activity was measured for 1-7 days with an Ortec α spectrometry system. The mean supported (background) activity for each core was derived from the asymptotic activity at depth and subtracted from total activity to calculated unsupported (excess) 210 Pb. Dates and sediment accumulation rates were established for each core using the constant rate of supply (c.r.s.) model (Appleby and Oldfield 1978) .
For validation of the surface-sample method, we numerically integrated data representing the most recent ~10 years of accumulation post hoc based on the full-core dating and cumulative sediment dry mass. ), and t is the estimated age at the base of the integrated sediment interval, calculated using modeled sediment accumulation rates. We chose a 10-year integration period in part to overcome short-term variability in burial rates and an undue influence of early diagenetic alteration of recently deposited sediments (OC mineralization). This diagenetic loss of OC occurs largely within the first 5 years of deposition (Gälman et al. 2008) . Conversely, the 10-year integration period is short enough that the lakes have likely not experienced dramatic changes affecting OC production (e.g., eutrophication; Heathcote and Downing 2012) . It also necessitates a relatively small decay correction (17%), which limits the error associated with estimating sediment age for undated surface cores.
Our use of fully dated cores to validate the surface-sample method provided information that would not normally be available in any subsequent study applying this method to undated lakes. In particular, we knew a priori sediment cumulative dry mass corresponding to 10 years as well as supported absence of sedimentation rates for the lakes under investigation, dating from a small number of similar lakes from the same region could be used to estimate a suitable cumulative dry mass corresponding to ~ 10 years. We emulate this approach in our validation of the method by establishing a representative 10-year cumulative dry mass for northern Minnesota lakes (Northern Lakes and Forest ecoregion) and southern lakes (Northern Great Plains, Western Corn Belt Plains, and North Central Hardwood Forest ecoregions). Using a probability density function to describe the cumulative dry mass for the two regions yielded a value of 0.2 g cm -2 for northern lakes and 0.9 g cm -2 for southern lakes (Fig. 1) . In doing so, the resulting error associated with 210 Pb decay correction for 90% of the lakes in our dataset was < 23% for northern lakes and < 14% for southern lakes. We suggest that this information can be used for small glacially formed lakes in similar ecoregions.
Regional estimates of supported
210
Pb can also come from other lakes if Pb in recently deposited sediments, 3 ± 2% for northern lakes and 14 ± 6% for southern lakes in our dataset. Using the probability density function to describe regional supported 210 Pb gave activities of 0.02 Bq g -1 for northern lakes and 0.03 Bq g -1 for southern lakes (Fig. 1) . Alternatively, supported ) and a correction term for sediment focusing (1/ff OC ): (Eq. 2) Focusing is defined here as the ratio of the site-specific rate of OC burial to the rate for the lake as a whole and can be approximated by the focusing factor for ), and thus (Eq. 5) In this derivation, the mean lake-wide burial of organic carbon is simply the ratio of organic carbon to 210 Pb measured in a surface sediment sample multiplied by the atmospheric flux of 210 Pb for the region in which the lake is located. The same equation (Eq. 5) was originally proposed by Binford and Brenner (1986) to estimate the trophic state of a lake based on the degree of 210 Pb dilution by organic matter in surface sediments. What these authors did not highlight at the time is that this simple model actually accounts for sediment focusing and that the resulting flux approximates a lake-wide average, rather than a core-specific value. This outcome is incredibly powerful because it removes a major impediment to comparing sediment fluxes among lakes based on the analysis of a single-core-that is, the spatial variation in sediment deposition across a lake basin.
There are several critical assumptions inherent in this model, which are discussed at length in a subsequent critique (Benoit and Hemond 1988) and response (Binford and Brenner 1988) to the original publication. Most important among these are that (1) the atmospheric flux of 210 Pb is known with some level of certainty, (2) organic matter (or any sediment constituent of interest) is focused to about the same degree as 210 Pb, and (3) direct atmospheric deposition is the primary source of 210 Pb to the lake. We review these assumptions in detail, and present study results supporting them elsewhere in the paper.
Assessment and discussion

Multiple-core validation, whole-lake accumulation
Whole-lake OC burial rates were assessed in detail for two lakes (Dunnigan and Kjostad; Fig. 2 ) using an area-weighted approach based on multiple sediment cores (12 and 14 cores, respectively). The cores, collected as part of an earlier study on mercury loading to northern Minnesota lakes (Swain et al. 1992; Engstrom et al 1994) , were assigned depositional areas of the lake basin based on nearest-neighbor topology and summed to the OC accumulation (the product of OC concentration and sedimentation rate) for the whole lake (Fig. 2) . The resulting OC burial rates were significantly different between the lakes (P = 0.01; Fig. 2C ), with Dunnigan showing higher lake-wide values than Kjostad, but lower within-lake variability. These differences were largely explicable in terms of basin size and morphometry. Dunnigan Lake occupies a small (0.33 km 2 ), shallow, flat-bottomed basin with a single area of sediment deposition and a proportionally small catchment (0.46 km 2 ). The sediment focus factors for the core sites range from Single sample whole-lake C-burial rates 0.62 to 1.24, whereas the range of OC accumulation rates was 16 to 34 g m -2 y -1 . In contrast, Kjostad Lake has a more complex morphology, with two depositional basins separated by an island, and a large catchment (9.85 km 2 ). The sediment focus factors range from 0.28 to 1.98, and the range of OC accumulation for the core sites was 1.8 to 33 g m -2 y -1 . The whole-lake accumulation of OC was 20 g m -2 y -1 for Dunnigan and 12 g m -2 y -1 for Kjostad (Fig. 2D) . These whole lake, multiple-core rates can be used to assess the accuracy of OC burial rates determined from a single dated core in the center of the main depositional basin corrected for sediment focusing to the core site. As discussed previously, the focusing correction for each lake is calculated as the ratio of unsupported ; 44.237°N, 95.301°W) (Lamborg et al. 2012) . Using a single core from the central location, the resulting OC burial rates were very comparable to the whole-lake rates calculated using multiple cores ( Fig. 2D ; Dunnigan, 24 g m -2 y -1 ; Kjostad, 14 g m -2 y -1
). Thus a single, well-dated sediment core from the central area of the lake basin can, when focusing-corrected, provide a reliable measure of whole-lake OC accumulation.
Finally, the OC burial data from the multiple-core lakes provided a first-order appraisal of the accuracy of calculating modern OC burial rates from single surface samples. Using the same core locations as the focus-corrected single-core sites and integrating surface samples representing a cumulative dry mass of 0.2 g cm -2 (Minn. northern lakes) or approximately 10 years of sediment accumulation, we found very similar OC burial rates compared with the measured whole-lake values ( Fig. 2D ). This result is also encouraging as it supports our assumption that sediment focusing is accounted for, because of the fact that OC and 210 Pb are focused in a similar manner. Indeed, there was a similar ratio of OC : 210 Pb (g Bq -1 ) at multiple sites across the main depositional area of the two lake basins. We found that this ratio varied (expressed as 2 standard errors relative to the mean) by 9% in Dunnigan Lake and by 26% in Kjostad Lake, the latter being higher as it reflects two depositional basins.
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Single sample whole-lake C-burial rates 321 Fig. 2 . Multiple sediment-core locations in two morphologically distinct lake basins in the Superior National Forest, Minnesota: (A) Dunnigan Lake with a simple, single basin and (B) Kjostad Lake, Minnesota, with two depositional basins and an island. In both (A) and (B), black circles show the locations of cores dated in detail, gray circles are coarsely dated cores, and white circles are cores not included as they fall in the erosional zone of the lake (gray shaded area) (from Engstrom et al. 1994) . Bathymetry contours are in meters. (C) A box plot of OC burial rates for each lake showing the median (black line), quartiles, and a significant difference in mean (black circle) burial rates between the lakes. (D) A bar plot of whole lake OC burial rates calculated by area-weighted accumulation of multiple cores (black), a single sediment core from the central part of the basin, dated in detail and adjusted for sediment focusing (gray), and the predicted burial using the surface-sample approach (white).
Single core validation, whole-core accumulation Using our dataset of 93 lakes, we compared OC burial rates in fully dated single cores with burial rates estimated by the surface-sample approach. The modern OC burial rate across the lakes, adjusted by 210 Pb flux for sediment focusing, varied from 9 to 318 g m -2 y -1 (Fig. 3A) . Regional estimates of cumulative dry mass for northern and southern lakes, surface 210 Pb activities (decay-corrected to 10 y) and OC concentrations were used to calculate modern OC burial rates according to Eq. 5 (Fig. 3A) . These single-sample estimates do a very reliable job of describing whole-core OC burial measured for each lake. This validation step relies on common parameters between the predicted and observed values, however the derivation of both Pb site . We therefore feel that there are sufficient differences between how the OC burial values are derived that this validation step demonstrates single-samples can reliably estimate whole-core OC burial. Based on the residuals of the estimated values from the 1:1 line as a percentage of the measured OC burial, we estimated a % error for OC burial from the surface-sample approach. The probability density distribution of the residuals suggested that 6.5% is a suitable inter-lake predictive error, where the 75th percentile was 24% error (Fig. 3c) .
As an additional validation of the surface-sample approach, we re-cored and independently analyzed nine of the original study lakes (Fig. 3) . The sediments from the additional lakes were collected in the vicinity of the original core site, somewhere near the center of the depositional basin, as is common practice. The OC burial rates for the repeat cores were calculated using our Eq. 5 (Fig. 3) . This cross-validation of the estimated OC burial values yielded a root mean square error of prediction of 1.9 g m -2 y -1 . We therefore conclude that single surface-sediment samples can be used to provide reliable estimates of whole-core OC burial.
Method assumptions and applicability
Our surface-sample approach, originally proposed by Binford and Brenner (1986) to assess trophic state, requires the acceptance of a number of assumptions (Benoit and Hemond 1988) . Whereas some concerns have been addressed (Binford and Brenner 1988) , a lack of data at the time prevented explicit validation for the main assumptions. Here, we revisit some of these original concerns and defend the assumptions made in using a single sediment sample.
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Single sample whole-lake C-burial rates 322 Fig. 3. (A) A scatterplot of the estimated OC burial rates using the surface-sample approach against the measured values based on fully dated cores over a 10-y period, adjusted for sediment focusing. (B) The density probability of the residuals from the 1:1 line of plot (A), expressed as a percentage of the measured value with the highest probable error shown as a dashed line. A boxplot of the data are shown below the probability plot, where the 75th percentile is 24% error (C). Repeat sediment cores were collected and independently analyzed in 9 of the lakes (4 to 10 years apart); OC burial rates of the repeat samples (gray bars) are calculated using the surface-sample approach.
A key condition of Binford and Brenner's (1986) formulation was the use of an estimated global average for the atmospheric 210 Pb flux, a value of 185 Bq m -2 y -1 (Turekian et al. 1977; Appleby and Oldfield 1983; Binford and Brenner 1988; Preiss et al. 1996) . The range of published atmospheric ) and is a function of available landmass, climatic factors, and orographic influence. Whereas we now have a better understanding of the spatial variation of atmospheric 210 Pb flux in the Northern Hemisphere (Graustein and Turekian 1986; Binford and Brenner 1988; Preiss et al. 1996; Appleby 2008; Baskaran 2011; Lamborg et al. 2012) , these data remain incomplete for many other parts of the world. Specific to our study, we have atmospheric 210 Pb flux measured from two sites in northeastern and southwestern Minnesota (Lamborg et al. 2012) . In the absence of site-specific deposition data, an educated estimate based on published values is defendable in the Northern Hemisphere, acknowledging that there appears to be a west to east increase in fallout over the mid-latitudes of the major continents (Appleby 2008 Pb fallout (Appleby et al. 1995; Appleby 2008; Ribeiro Guevara et al. 2003) . In the absence of published deposition data, 210 Pbdated cores on a lake (or multiple lakes) in the region of interest can provide a robust estimate of the regional atmospheric 210 Pb flux (Fitzgerald et al. 2005) . We caution against establishing 210 Pb flux from multiple soil profiles (Nozaki et al. 1978; Benoit and Hemond 1988) , as it introduces uncertainty associated with local 210 Pb scavenging by terrestrial vegetation (Stankwitz et al. 2012 ) as well as down-slope redistribution of 210 Pb within the catchment. A second assumption is that 210 Pb sedimentation should be linearly proportional to atmospheric deposition in order for the method to accurately describe sedimentation. This concern is based primarily on the understanding that sediment is focused within a lake basin, which affects the total 210 Pb inventory at the core site. We discussed earlier our contention that no additional correction is needed for focusing because it is explicitly included in the calculation (Eq. 5). Furthermore, results from our two multiple-core lakes demonstrated that the OC : Pb with fine-grained sediment particles, including organic seston. However, OC from littoral production and particulate carbon from terrestrial sources might focus differently than 210 Pb because of spatially non-uniform loading, especially in complex lake basins with multiple embayments (Bindler et al. 2001; Engstrom and Rose 2013) . Nonetheless, the relative uniformity of OC: 210 Pb ratios noted above suggests that both constituents are redistributed to the depositional region of a lake in roughly the same proportions.
A final assumption is that nonatmospheric inputs of 210 Pb to the lake are negligible. This condition is generally true except in cases where catchment erosion rates are very high and the soil residence time of 210 Pb is short relative to its half-life (22 y). It is evident to us from studies within Minnesota and elsewhere that the overwhelming input of 210 Pb to lakes is atmospheric (Binford and Brenner 1988; Engstrom et al. 1994; Schottler et al. 2010) . We do acknowledge that in lake systems with significant fluvial inputs the delivery of 210 Pb from the catchment may be significant and the retention of 210 Pb inputs may be incomplete (Cornett et al. 1984; Benoit and Hemond 1987) . However, none of the lakes in our dataset represent systems that we would consider to have significant fluvial inputs, nor do they have very short hydraulic residence times (e.g., Dunnigan and Kjostad lakes have a residence time of 5 years; Swain et al. 1992) . As the dataset of lakes used in this study covers a broad range of morphometric and trophic conditions over several biogeoclimatic zones (Table 1) , we conclude that the surface-sample approach is broadly applicable to many temperate lake types and sizes.
Comments and recommendations
The obvious appeal of estimating modern OC burial using a single sediment sample is the increased efficiency and decreased cost of sample collection and analysis with greater potential spatial coverage. Applying this technique to large datasets provides a clearer picture of the spatial trends of OC burial in inland waters, whereas single-lake studies are more susceptible to the spatial variability that exists from lake to lake. This approach also allows a more accurate definition of spatial variability and the error associated with measuring OC burial in lakes. The within-lake variability (standard deviation) from our multiple core studies was ~4 g m -2 y -1 , while regionally an estimate of error for the method was 6.5%.
This method is broadly applicable to different lake types and offers a more accurate assessment of the role inland waters play in the global carbon cycle (sensu Cole et al. 2007; Tranvik et al 2009) . As an example, there is a growing global dataset on OC burial as a function of lake area, which suggests smaller lakes bury more OC (Fig. 4) . We find that this relationship holds when this dataset is populated with our results, providing confidence on the applicability of this method to large regional studies. The broader application of this method requires (1) measured or published data of atmospheric 210 Pb flux, (2) analysis of supported 210 Pb by γ spectrometry or a regional estimate of supported 210 Pb from cores previously dated by α spectrometry, and (3) an understanding of typical sedimentation rates in lakes from the study region to establish a realistic cumulative dry mass over which to integrate the sample (representing ~ 10 y). For many regions, these ancillary data already exist in the literature. In addition to clarifying the role of inland waters in the global C-cycle, this technique applied over large spatial gradients of land-use and water quality will allow us to address questions on the role that terrestrial-aquatic linkages play in the sequestration of OC by inland waters.
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Single sample whole-lake C-burial rates lakes and reservoirs throughout the globe, including those from this study (solid circles) (Mulholland and Elwood 1982; Sobek et al. 2009; Downing et al. 2008; Heathcote and Downing 2012) . A statistically significant linear model fit is shown with an adjusted r 2 of 0.33 and df = 189.
